Ionic liquids (ILs) have been widely used in the field of extraction of natural bioactive compounds because of their advantages compared to traditional organic solvents. In this study, the new 'like dissolves like' mode was designed and seven types of tropine-based ionic liquids were used to extract tropane alkaloids from radix physochlainae, and then the relationship between their performance and structures together with the effects of main extraction conditions were explored. It was found that 0.05 mol
Introduction
Radix physochlainae is the dried root of Physochlainae infundibularis Kuang (Solanaceae), which has been used for a very long time in China and has been officially listed in the Chinese Pharmacopoeia.
1 It has the unique curative effects of relieving coughs and asthma as a traditional herbal medicine. The tropane series of alkaloids in radix physochlainae mainly include ve kinds of alkaloids (anisodamine, scopolamine, atropine, scopoline and aposcopolamine), which are widely used for the treatment of expectorant, antiasthmatic, antitussive and diseases of the central nervous system. 2 In a previous study, Peng and coworkers 3 used 75% ethanol to extract total tropane alkaloids from os daturae with nal yield of 0.32% through a twice soaking extraction (75 h every time) and a yield of 0.38% through twice backow extraction (2 h + 1.5 h). In another study, a microwave-assisted method was employed and 87% tropane alkaloids was extracted under the conditions if 1 : 10 solid-liquid ratio (w/v), 25 min, 730 W microwave power and 65 C. 4 Ultrasonic wave (40 Hz) assisted extraction was also adopted by researchers 5 and the yield of 0.44% was nally obtained when the extraction was carried out with 85% ethanol on 50 C for 75 min. However, there are some problems including long extraction time, low efficiency and high consumption in the traditional reux or immersing extraction. On the other hand, new technologies such as ultrasonic extraction and microwave extraction cannot be easily applied to large-scale production in industry because of the limitations of devices and high cost. More importantly, no matter what kind of these mentioned methods is used, traditional alcohol-water/ acid-water solvent system will extract most of constituents in herbs without high selectivity, and the great amount of coexisting impurities can result in the difficulty of obtaining target compounds. Therefore, it is necessary to develop more new extraction methods that can promote extraction selectivity, efficiency and practicability meanwhile overcome the problems resulting from the use of traditional solvents. 'Like dissolves like' is a very classical expression frequently used by chemists to understand how some solvents work in the dissolution of solutes. It is generally recognized that this view is simplistic meanwhile it is a useful rule of thumb. The overall solvation capacity of a solvent depends primarily on its polarity. In the eld of liquid-phase extraction and liquid-liquid partition, the rule of 'like dissolves like' generally refers to that target compounds tend to dissolve in the solvents with similar polarity. Guided by this rule, researchers can select a series of potential solvents for specic objects on the basis of accumulated experience and then compare their performance through further experiments. More researches are expected for their valuable contribution to develop new theories and explore deep mechanism, especially for the results when the target compounds meet the extractants with similar structures. Ionic liquids (ILs) is such a kind of designable solvents with variable structures, which have a lot of unique properties (e.g. high solubility, vapor pressure, and good stability, etc.) different from those of volatile organic solvents (VOS). 6 They are attracting more and more attention from researchers in the elds of organic synthesis, catalysis and separation science. [7] [8] [9] In recent years, ionic liquids have been widely used in the eld of extraction and separation of natural products; they can competitively generate hydrogen bonds with cellulose for the maximum damage to the H-bonding network of cellulose microbrils, which makes them more easily enter into the plant cell and improve the extraction efficiency. In addition, the solubility of ILs and their specic interactions with different objects can be regulated by adjusting the combination of anions and cations. Finally, the ionic liquid also can be applied in ultrasonic and microwave-assisted modes to shorten the extraction time and promote the extraction efficiency, which is very meaningful in the protection of natural products from destruction under severe conditions. For instance, Cao and his workers 10 used a series of 1-alkyl-3-methylimidazolium ionic liquids to extract piperine from white pepper powders with ultrasonic wave, and they found that the increase of ILs hydrophilicity was benecial for the improvement of extraction yield. Therefore the yield of 35 methanol. Ma and his workers 11 developed microwave-assisted extraction to obtain three alkaloids from lotus leaves. The extraction efficiency of [BMIM] [Br] was highest compared with other six kinds of ILs because its acidity was more conducive to generate salts with alkaloids, and the yield of three alkaloids by using [BMIM] [Br] were all higher than that of 80% ethanol. The research group of Zu found that the extraction efficiency of ILs for three alkaloids from Catharanthus roseus increased when the alkyl chain length of the cation was changed from C 2 to C 8 ,
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which was due to the hydrophobic effect between ionic liquids and alkaloids and it became the main driving force in the extraction process. In summary, most of these studies focused on the application of ionic liquids in existing extraction modes. Their structural designability is always underutilized and related advantages cannot be fully exploited. Moreover, the inner relationship between their unique physicochemical properties and extraction performance needs further exploration.
According to above research status, the rule of 'like dissolves like' can be simply interpreted as that the hydrophilic cations or anions are needed when the extracted alkaloids are low-polar. At a deeper level, since the formation of hydrogen bonds, dipoledipole interaction, van der Waals' force and Coulomb force between the ionic liquid and alkaloids can strengthen the selective recognition ability of IL and promote their binding; those ILs with the same nucleus with alkaloids should be more suitable and efficient in the extraction of the latter. This hypothesis is supposed to be the generalized 'like dissolves like' rule, which will be further evaluated and validated in the following study. Here radix physochlainae was selected as typical herbal object containing tropane alkaloids, and seven kinds of tropane-types ionic liquids were used to extract target alkaloids from it in this new mode. Accordingly, the major research objectives are focused on as followings: (1) what will happen when alkaloids meet the ILs with similar structure? (2) Will the "like dissolve like" rule work on the basis of structural similarity? (3) Can high efficiency and selectivity be obtained when the ILs interact with their analogues in such a complex composition from herbal sample? Related main properties of ionic liquids were rst explored, and then the extraction conditions were investigated and the extraction mechanism using ionic liquid aqueous solution was studied. Obviously, this reinterpreted rule can maximize the ILs advantages of designability and selectivity, while it cannot be made full use by those common undesignable solvents.
Experiment

Materials
Herbal raw materials of radix physochlainae originating in Shaanxi province were obtained from local pharmacy and identied as the dried roots of the Solanaceae plant by Prof. Fangyan Li in our department. They were milled and dried and then the sample powders passed through a stainless steel sieve with the particle size of 60 mesh. All chemicals involved in this study were at least of analytical grade and purchased from Kelong Chemical reagents factory (Chengdu, China). Chromatographic methanol used for high performance liquid chromatography (HPLC) was purchased from Chengdu Chemical reagents factory and ltered with microporous membrane (0.45 mm) before use. Standard compounds of anisodamine, D/Latropine, scopolamine, aposcopolamine and scopoline (see Fig. 1 ) used for HPLC were purchased from National Food and Drug Inspection Institute (Beijing, China) or Research Chemicals Inc. (Toronto, Canada) and all of their purities $98.0%. Experimental deionized water was obtained from ultra-pure water purication system (0.4 mm lter) manufactured by Millipore Co., Ltd. (Bedford, USA). Ionic liquids in Fig. 1 were synthesized and puried according to the previous method, 13 and the purity (all above 97.9%) was analyzed by HPLC method with evaporative light-scattering detector. All samples were stored in closed desiccators until use.
Apparatus
Nicolet 6700 Fourier transform infrared spectrometer (Abbre. FT-IR, Thermo Scientic, Madison, USA), JSM-7001F scanning electron microscopy (Abbre. SEM, JEOL, Tokyo, Japan), STA 449 F3 simultaneous thermal analyzer (NETZSCH, Selb, Germany) were used to observe morphology of herbal powders and residue aer extraction. NIR spectrometer (NIRQUEST512), deuterium light source (DH-2000-BAL) and ber optic probes (T300-UV-VIS) were provided by Ocean Optics (Dunedin, USA), which was used to detect the extraction of alkaloids from radix physochlainae. Extraction experiments were carried out using HH-S constant temperature water bath with an uncertainty of AE0.05 K (Wanke Instrumental Co. Ltd., Jiangsu, China) and KQ-2200DA ultrasonic extractor (Shumei Co. Ltd., Jiangsu, China). DDS-12A conductivity meter (Kangyi Scientic instrument Co. Ltd., Shanghai, China) and 2800 UV-Vis spectrometer (Hengping instrument Co. Ltd., Shanghai, China) were used to measure conductivity and polarity of ionic liquids. HPLC analysis was performed with EC2006 HPLC (Elite, Dalian, China) consisting of UV1201 UV-Vis detector and ELSD 2000 evaporative light-scattering detector (Alltech, Kentucky, USA). Refractive index of alkaloids extraction solution was determined by WAY-2S Abbe refractometer (Shenguang instrument Co., Ltd., Shanghai, China) to study thermodynamics and dynamics of alkaloids extracted from radix physochlainae.
Determination of ionic liquid polarity and conductivity
The polarity of ionic liquids was measured by Reichardt's dye method 14 as following: 2.5 g ionic liquids were accurately weighed and dissolved in 100 mL of methanol, then 0.0375 g 2,6-diphenyl-4-(2,4,6-triphenyl-N-pyridino)phenolate was added into above IL methanol solution. When the dye molecule was completely dissolved and mixed with the ionic liquids, methanol in the mixture was completely removed under vacuum for 48 h, and then the dried product was analyzed by full wavelength scanning (200-800 nm). Conductivity was measured using DDS-12A digital conductivity meter with automatic balance bridge, and the conductance electrode constant was determined as 1 Four common solvents were selected to extract the target alkaloids from the same powders (60 meshes) of radix physochlainae with comparison to ionic liquids, which included pure deionized water (1), the system of 0.1% hydrochloric acid and water (2), the mixture of 85% ethanol and water (3) , and the system of 85% ethanol and 0.1% hydrochloric acid with water (4). The extraction was carried out with solid-liquid ratio (g mL À1 ) of 1 : 10 at 70 C for 50 min; aer extraction, the solution was ltered and the ltrate was evaporated and then diluted with methanol of chromatographic grade to 10 mL. Various samples were ltered with 0.45 mm microporous membrane and the content of total alkaloids was analyzed by HPLC to calculate extraction efficiency (%). Quantitative analysis of tropane alkaloids in herbal material. 1.00 g powders (60 mesh) of radix physochlainae were weighed accurately and pretreated with ammonia, and then were extracted by chloroform with solid-liquid ratio of 1 : 10 (g mL À1 ) for 3 times. 16 The extract was concentrated and its volume was set with methanol to 10 mL, and 20 mL sample solution was injected into HPLC aer ltration by 0.45 mm microporous membrane. As the result, the chromatogram of total extract from radix physochlainae indicated that ve alkaloids could be separated well with other coexisting compounds (see Fig. 2a) ; their amount could be determined according to the peak area and standard curves introduced in the last section. It showed that anisodamine (0.632 mg g À1 ) and scopoline (0.509 mg g À1 ) are the rst and second main alkaloids in our sample respectively, meanwhile the content of aposcopolamine was only 0.093 mg g À1 (shown in Fig. 2b ) and total mass fraction of ve alkaloids was 0.173% in herbal material. The amount of target constituents (m 1 , mg) in extraction solution was obtained by the developed HPLC method and used to calculate the extraction efficiency (%), which could be determined through the following equation:
where m 0 (mg) is the total alkaloids amount in herbal powders determined as above.
Mathematical tools
2.6.1 First-order model. A general rst-order model has been used to study the kinetics of solid-liquid extraction, which can provide an acceptable representation of solid-liquid extraction as evident. 17, 18 The parameters in the rst order kinetic model can be easily elucidated from the extraction kinetics, using the analytical solution obtained by integral analysis. The same model has been extended to study the extraction of alkaloids from radix physochlainae by ionic liquids aqueous solution and other traditional organic solvents. The rst order kinetic model can be represented as:
where C t (mg mL À1 ) is the concentration of alkaloids at any time
is the saturation concentration of alkaloids and k (min À1 ) is the rst order rate constant. Then eqn (2) is solved with the boundary conditions as C t | t¼0 ¼ 0 and C t | t¼t ¼ C t to be:
The effect of temperature on extraction rate constant provides information on the activation energy that must be overcome for extraction. The extraction rate constant is related to the activation energy (E a ) and temperature (T) as following:
where a plot of ln(k) vs. 1/T yields a straight line with (E a /R) as the slope, from which activation energy can be determined.
2.6.2 Effective diffusion coefficient of extraction of alkaloids from radix physochlainae. To study the effective diffusion coefficient of alkaloids from radix physochlainae, the diffusion model based on Fick's second law was used in this study. The law for extraction of alkaloids from spherical particles is expressed as following:
where M (kg m À3 ) is the alkaloids concentration in radix physochlainae particles, r (m) is the distance from the center of herbal particles, D e is the effective diffusion coefficient of alkaloids and t (min) is time. According to the ref. 20 , the solution of eqn (5) using the initial and boundary conditions can be transformed to:
where Y t (mg g À1 ) is the yield of total alkaloids extracted from radix physochlainae at time (t), Y s (mg g À1 ) is the yield of total alkaloids extracted at saturation. The effective diffusion coefficient can be calculated from time-yield data using eqn (6). 
where K e is the equilibrium constant for leaching and is dened as the ratio of amount of extracted solute to that of unextracted solute. 21 In the present case, it is the ratio of the amount of extracted alkaloids to the amount of unextracted alkaloids as given below:
where Y s (mg g À1 ) is the total alkaloid yield extracted using ionic liquid aqueous solution as the solvent at a temperature T (K) and Y max is the total alkaloid yield (mg g À1 ) determined aer an exhaustive extraction using chloroform as the solvent. DG o is calculated from DH o and DS o as eqn (9):
3. Results and discussion
Structure, properties and extraction performance of ILs for tropane alkaloids
The physical and chemical properties of ionic liquids can be signicantly affected by the combination of cations and anions, 22 so their extraction performance is very different for specic compounds. Generally, the structural features of target constituents and the special characteristics of ILs as polar organic salts should be fully considered before the extraction, and then the potential tropine-based ionic liquids are selected according to the generalized principle of 'like dissolves like' to achieve efficient and highly-selective extraction. Meanwhile, considering the lower polarity of tropane alkaloids, [PF 6 ] À was chosen as the most commonly used hydrophobic anion. As the result, seven ionic liquids were used to extract alkaloids with the same nucleus and the comparison of extraction efficiency was performed under the same extraction conditions of 0.1 mol L
À1
ionic liquids aqueous solution, 1 : 10 solid-liquid ratio (g mL À1 ), 50 min and 70 C. As shown in Fig. 3a , it can be found that the order of extraction efficiency is same as that of association constant of the studied ionic liquids (see Table 1 6 ]. Obviously, one of the key factors for high extraction efficiency is the strong association action resulting from intermolecular interactions between ionic liquids and alkaloids, and there are two competitive effects between ionic liquids-water and ionic liquids-alkaloids in extraction system. If the solvation of water for ionic liquids is weaker, the extraction efficiency will be higher because of the stronger association effect of ionic liquids with alkaloids. Here the association constant provides an ideal prediction index for the extraction performance of various ILs. At the same time, the polarity of ionic liquids is also one of the important properties that affect the extraction rate of alkaloids. So it was investigated through the method described in Section 2.3 and the data have been reported in our previous study. 13 As the result, the polarity of four kinds of ionic liquids branched with linear carbon chain were found higher than that with aromatic hydrocarbons except for [ 6 ], and their extraction performance was found higher than the latter two ILs.
In the further investigation for inherent relationship between ILs and individual alkaloids with same nucleus, the extraction rule of four kinds of ionic liquids branched with linear carbon chain (C 3 $ C 6 ) for anisodamine and scopoline was rstly studied (shown in Fig. 3b) , which had the rst and second highest content among these alkaloids. It was found that extraction rate of anisodamine became higher with the increase of polarity of ionic liquids, while the trend for scopoline was exactly the opposite. From the viewpoint of the 'like dissolves like' extraction for single alkaloid compound, it could be found that they can be extracted more efficiently when their polarity is more similar to the polarity of ILs. Anisodamine has more polar groups in its structure and shorter retention time in reverse-phase system than scopoline, which can indicate that the polarity of anisodamine is higher than that of the latter; so the high extraction efficiency of anisodamine and scopoline can be achieved by [C 3 6 ] for the extraction of scopoline, and this result was also attributed to the structure of the IL cation. Alkyl chain with the carbon number <4 is more benecial for intermolecular interaction because of its small volume and hindrance, and related ILs have higher absolute value of Gibbs free energy of association (DG). When the carbon number is beyond 4, the polarity effect will dominate the extraction process. As for the mixture of target alkaloids with different polarity (just like their coexisting status in herbal cells), those with higher polarity can raise the polarity level of total alkaloids, especially when they have superior quantity and content. So [C 3 tr][PF 6 ] aqueous solution has shown the highest extraction efficiency in seven types of ionic liquids for raw material of radix physochlainae.
Finally, there is little investigation and application of more than one ionic liquid in similar process in previous studies. Since the most ideal IL for the extraction of various individual alkaloids is different, here the possible synergistic effect of two kinds of ILs mixed solution was explored and the combination of [C 3 6 ] as the extraction solvent.
Effects of various conditions on the extraction of tropane alkaloids
Concentration of ionic liquid solution has great inuence on the swelling and destruction of cell wall together with mass transfer process of extraction solution, which can directly determine the extraction efficiency of extractant on the target alkaloids. In the following investigation, 10 mL of 0.05 mol L 6 ] aqueous solutions were compared in the extraction of 1.0 g herbal powders for 50 min at 70 C. As shown in Fig. 4a , the extraction efficiency rstly increases and then gradually decreases with the increase of IL concentration.
It is due to that with the continuous increase of concentration of ionic liquid, over high viscosity of extractant will hinder radix physochlainae powders to well disperse in the ionic liquid solution for full extraction and the permeation of the latter into plant cells together with mass transfer become more difficult.
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Extraction time is another important factor needed investigation and optimization. Aer reaching complete extraction, excessive time will be unnecessary and unfavorable due to the instability of ester bond or ether bond in the structures of aqueous solutions from 10 to 80 min. It was found the complete extraction could be achieved within 50 min by heating in water bath (see Fig. 4b ). The fast-growing stage of extraction efficiency was the rst 20 min; aer 50 min, it gradually increased and extraction process approached equilibrium state. In order to further analyze related stages, kinetics research will be performed in Section 3.5.1. Compared to other alkaloids extraction by water, 28 it took less time for above ionic liquid aqueous solution to extract alkaloids from natural plants. Structural similarity makes them extract tropane alkaloids more easily from radix physochlainae in 'like dissolves like' mode.
Besides the concentrations of ionic liquids and extraction time, the solid-liquid ratio of the extraction system was also studied. Excessive ionic liquid will result in the increase of solvent consumption, and then increase the burden of IL recovery. Different ratios of liquid to solid (40, 30, 20 In the fast stage of extraction, the signicant concentration difference inside and outside the cells can promote mass transfer and diffusion effectively, the equilibrium concentration will become lower and more alkaloids can be extracted when the volume of solvent system is greater; if the excessive IL solution is used, heat will be absorbed by the large amount of solvent and could not be exerted onto the herbal material in the second stage. 28 The solid-liquid ratio of 1 : 30 is enough for complete extraction of tropane alkaloids in the radix physochlainae powders.
Finally, extraction temperature should be investigated because the thermal effect is the driving force when the object is completely dispersed into the extractive solution, which also determines the contact area and probabilities between the ionic liquid and the target alkaloids. The extraction efficiency is shown in Fig. 4d product instability on high temperature. 29 In conclusion, the temperature around 70 C should be more appropriate for the extraction of target compounds according to the data and gure. 
Central composite design for interaction analysis and optimization
In order to further study the relationship among extraction factors and optimize extraction conditions, central composite design (CCD) was selected as the most commonly used method of response surface analysis. 30 The experimental design was completed by Design Expert 7.0 on the basis of optimal extraction conditions, which was also used to analyze the results through response surface. Three related parameters were included for selection as various independent variables (each variable representing three levels). There was no obvious difference in the yield of alkaloids when the concentration of [C 3 tr][PF 6 ] from 0.05 to 0.1 mol L À1 , so extraction time, solidliquid ratio and extraction temperature were selected which had more signicant inuence on the extraction efficiency. As the result, the regression second-degree complete model for the extraction efficiency (Z, %) in terms of coded factors is presented as the following equation:
where A, B and C represent solid-liquid ratio, extraction temperature and extraction time, respectively. The analysis results of response surface method are shown in ESI 1 † (RSM optimization). The signicance of each variable to the response value was judged by F and P values. It can be found that the response surface model is highly signicant (F ¼ 48.29 and P < 0.0001); at the same time, the lack of F value of the model is 1.78, which proves that the result is not signicant and no missing factor in the regression equation. In addition, A, B, C, A 2 , B 2 and C 2 are signicant items. The analysis results of response surface method can prove the feasibility of the regression second-degree complete model. Furthermore, the credibility analysis of the regression equations also indicates the model can be used to predict the extraction results effectively. The coefficient of variation (C.V.) of the model is 0.73%, which is in the acceptable range and shows good repeatability. 
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In addition, the "Adj R-Squared" of 0.9638 and R 2 of 0.9841 indicate that the model can explain the change of 96.38% response value, and the tting of the model can better reect the actual situation. In summary, the optimal extraction efficiency of 95.1% can be obtained, the optimal extraction temperature was 75 C, the extraction time was 55 min and the best solid-liquid ratio was 1 : 35; meanwhile the nal purity of total alkaloid reached 92.8% under above optimized conditions, which proved the highly selective extraction of IL for 'like dissolves like' mechanism. Moreover, the inuential order of the three variables is: solid-liquid ratio (P < 0.0001) > extraction temperature (P ¼ 0.0016) > extraction time (P ¼ 0.0479, shown as 3D plots in ESI 1 †), which can prove that the solid-liquid ratio plays a very crucial role in extraction.
Comparison with traditional methods and recovery of alkaloids
Aer exploring the optimal conditions, the extraction efficiency of alkaloids resulting from the developed method was compared with corresponding performance of other common solvents from previous research 31 and Chinese Pharmacopoeia. In the following study, the system of 0.1% hydrochloric acidwater, 85% ethanol-water, and the system of 85% ethanol-0.1% hydrochloric acid-water were compared with 0.05 mol L It should be noted that microwave or ultrasonic wave-assisted extraction was not considered in the study because they were found unfavourable for the selective extraction; although these methods can enhance mass transfer and shorten extraction time at some extent, they will lower the purity of products signicantly (<82%) according to our experiments. Even if 40 Hz ultrasonic wave was used in the extraction of tropane alkaloids, 75 min was still needed to extract them completely in previous study. 5 On the basis of the comparison under the same conditions (see Fig. 5a ), the extraction efficiency of tropane ionic liquid aqueous solution is highest; water shows the worse extraction performance for the investigated hydrophobic alkaloids, but a great difference can be observed aer adding a little [C 3 6 ], it was found the former could extract the alkaloids with higher polarity meanwhile those with lower polarity could not be extracted well, and total extraction efficiency became lower. Moreover, though ethanol also can improve the solubility of related objects in extraction system, its high concentration must be required and the extraction efficiency of [C 3 tr][PF 6 ]-water still cannot be transcended by it. Meanwhile, the purity of total alkaloids extracted by ethanol was only 49.2%, while the selective interaction from tropine-based IL makes the product purity reach 92.8% in new 'like dissolves like' mode. The extraction efficiency of 0.1% hydrochloric acid-water is not very ideal because the basicity of tropane alkaloids is not so strong that they cannot easily become water-soluble salt and fully extracted by this acidic aqueous solution. [C 3 tr][PF 6 ] belongs to near-neutral IL, which will not rely on salifying process to realize extraction. Furthermore, though the unit price of ionic liquids is a little higher, its dosage is very small and can be efficiently reused aer efficient recovery through the suitable method.
In addition, because target tropine alkaloids usually contain chiral center in their structures, they are optically active (e.g. atropine existing in natural plants with its L-conguration). The ester bond in their structures cannot be easily affected under weakly acidic and near-neutral conditions, and it is the most stable in the pH range of 3.5-4. However, in the process of traditional extraction, it is difficult to obtain their original conguration in the raw materials because the alkaline solution or the long extraction time will cause the racemization of target alkaloids. 32, 33 Alkaloids are oen found in the form of their salts in herbs for their binding with coexisting acids. In the pretreatment process in Section 2.5.2, ammonia was frequently used to transform alkaloids from their ionic state to molecular state for ideal extraction result. How to eliminate inuence of related conditions on the structure and conguration of target alkaloids was focused on by researchers in the past time. Considering the tropine-based ionic liquids were employed in the new developed extraction mentioned above, the off- 6 ] under extraction conditions (see Fig. 5b ) and related off-line optical data in Table 2 also proved there was no racemization occurred in the solution. By comparison, the alkaline condition could result in the decomposition of ester bond and transformation of atropine conguration indeed. In summary, the developed method can not only realize the selective extraction efficiently, but also maintain the structure and conguration of products through specic intermolecular interactions.
Finally, considering the simplicity and efficiency of the method, the back extraction with common organic solvents (toluene, chloroform, dichloromethane, ethyl ether, n-butyl alcohol and ethyl acetate) was used to separate alkaloids from the ionic liquid and realize their recovery aer the removal of water. These candidate solvents were mixed with the solid extract with solid-liquid ratio of 1 : 3 (g mL À1 ) under stirring, respectively; then the organic solvent containing alkaloids was obtained by ltration and then concentrated under vacuum. Finally, the back-extracted products were dissolved in chromatographic methanol and analyzed by HPLC. The quantitative results in Fig. 5c indicate that the order of different solvents for alkaloids extraction efficiency is: chloroform > n-butyl alcohol > dichloromethane > toluene > ethyl ether > ethyl acetate. So chloroform was the best selection to recover alkaloids from their mixture with ILs. It is should be noted that, although VOS was used in above post-treatment process of extraction, its consumption was much less for the back extraction of solid product than that in back extraction of extracted solution or the direct extraction of herbal materials with chloroform (e.g. the authoritative method in China Pharmacopeia, solid-liquid ratio of radix physochlainae and chloroform is 1 : 20, g mL À1 ), and here 1 : 3 was the ideal solid-liquid ratio of the solid extract and chloroform.
3.5 Extraction mechanism and process analysis 3.5.1 Kinetics of alkaloids extracted from radix physochlainae. The extraction rate constant (k) and kinetic order for heating extraction of alkaloids from radix physochlainae by ionic liquid aqueous solution and other organic solvents can be identied through the study of extraction kinetics. In this study, Abbe refractometer was used to measure the dynamic concentration of alkaloids in radix physochlainae according to the linear relationship between the refractive index and the solid concentration in the solution within the test range. 34 Target 6 ] aqueous solution, 85% ethanol-water and 0.1% hydrochloric acid-water, and the refractive index of samples was determined every ve minutes within 1 h. It is found that ln(C s À C t ) is linear with time (t, min) from Fig. 6 and Table 3 . The results can indicate that the extraction kinetic equation derived from eqn (2) is in good agreement with the experimental results, and the dissolution process of alkaloids from radix physochlainae accords with the rst-order kinetic model. The rst-order kinetic model is obtained based on Fick's second law for linear diffusion when the C t¼0 of alkaloids is 0, which is suitable for component extraction without decomposition and volatilization and the herbal particles with regular spheres. Zhao and his coworkers 35 studied the extraction process of ester-series alkaloids from aconiti kusnezoffii Reichb in water bath and found that the kinetic equation could be well t by the rst-order kinetic model. In the study, extraction rate constant increased with the increase of temperature, and the results accorded with Fick's second law which showed that higher temperature resulted in the stronger penetration ability of solvents together with diffusion ability of those involved alkaloids. Similarly, the extraction rate constant (k) can also become greater with the increase of temperature when using [C 3 tr][PF 6 ] aqueous solution, 85% ethanol-water and 0.1% hydrochloric acid-water as extraction solvents, which can prove that high temperature is conducive to extract alkaloids from radix physochlainae. 6 ] can enter cells and interact with alkaloids with the same nucleus from radix physochlainae more easily than the others. Furthermore, the tting equation of ln k and 1/T had good linear relationship in the extraction of alkaloids, and the average activation energy (E a ) was calculated according to the linear equation in different solvents. The results were summarized in Table 3 , the average activation energy (E a ) of [C 3 tr][PF 6 ] aqueous solution was least which could prove that it was more easy to extract alkaloids from radix physochlainae, and the ). Meanwhile extraction rate constant of alkaloids extraction from radix physochlainae did not signicantly change with temperature, so the temperature could not have important inuence on the extraction efficiency of alkaloids according to the inuential order of three variables (solid-liquid ratio, extraction temperature and time). The average activation energy (E a ) values of alkaloids extraction from radix physochlainae were below 20 kJ mol À1 , indicating that this extraction process was controlled by diffusion. According to the previous study for the tted E a values of the solid-liquid extraction of bioactive compounds from natural products, when the activation energy value lay in the range between 20 and 40 kJ mol À1 , indicating that the extraction process from herbal materials was governed by a mixed reaction and diffusion regime; and if the value was higher than 40 kJ mol À1 , the process was controlled by the solubilization reaction. Effective diffusion coefficient (D e ) can reect the diffusion ability of substances and depends mainly on the type of diffusion material and medium together with temperature and pressure. According to above study, the alkaloids concentration changed with time and corresponding moleculars diffused in an unstable state; accordingly; the diffusion behavior of related alkaloids accorded with Fick's second law. Furthermore, the diffusion coefficient (D e ) between liquid and solid phases was calculated according to eqn (5) by experimental study, and it can be observed from Table 4 that effective diffusion coefficient will increase with the rising temperature and has good linear relationship with temperature. This trend should be due to the mechanism that the inltration, diffusion, dissolution of alkaloids molecules could be accelerated when the temperature became higher. On the other hand, extraction rate is proportional to the extraction temperature, the resistance of alkaloids delivering through the solid-liquid interface will be lowered when the solution viscosity reduces with the rise of temperature, which is the key to promote to extract alkaloids from radix physochlainae and improve the mass-transferring rate of alkaloids. It was found that the diffusion coefficient (D e ) of extraction by ionic liquid was higher than that in traditional solvents at every temperature, which proved that the extraction efficiency of alkaloids by ionic liquid was higher than 85% ethanol-water and 0.1% hydrochloric acid-water. The result was supported by the theory of 'like dissolves like' rule, and the tropane alkaloids are hydrophobic and easily dissolved because of selective interactions provided by the IL with similar structure. Moreover, it was easier to transfer alkaloids by using 85% ethanol-water than 0.1% hydrochloric acid-water for the tropane alkaloids were prone to dissolve in organic solvents. Consequently, the diffusion coefficient (D e ) in 85% ethanolwater was higher than that in 0.1% hydrochloric acid-water.
3.5.3 Thermodynamics of alkaloids extraction. The thermodynamic parameters of alkaloids from radix physochlainae are summarized in Table 5 . The positive value of the change in enthalpy (DH o ) indicates that the extraction of alkaloids from radix physochlainae is endothermic. The positive value of the change in entropy (DS o ) indicates the increase in disorder of the studied solid-liquid system due to the solute transfer from more ordered solid phase to the less ordered liquid phase. 37 At the beginning of extraction, the target molecules were dispersed in plant cells and underwent two-dimensional movement; then they entered into the solvent system and moved in threedimensional space during continuous extraction. 6 ] aqueous solution, 85% ethanol-water and 0.1% hydrochloric acid-water.
3.5.4 Extraction process characterized by near infrared spectroscopy (NIR). Near infrared spectroscopy (NIR) has been widely used in many elds as one of useful analytical tools, especially for quantitative and qualitative analysis of traditional Chinese medicine. 40, 41 It has the advantages of high speed, convenience, accuracy and non-destruction, and online process monitoring can be easily realized with ber spectrometer. In this section, the extraction process of alkaloids in 75 C water bath was monitored by NIR, and target system in 0.05 mol L
À1
[C 3 tr][PF 6 ] aqueous solution aer extraction for 0 min/30 min/ 55 min were analyzed. The probe with 2 cm optical length was selected and two optical bers were used to transmit NIR radiation to a NIRQUEST512 spectrometer; the NIR spectra of extracts were collected when the integration time was 280 ms and the reference value of water solvent was stored as the background before the detection. Consequently, the NIR spectra are shown in ESI 2 † and it can be found that the absorbance band of 1400-1500 nm increases gradually with the development of extraction, which belongs to the fragment of benzene ring in the structure of tropane alkaloids and indicates they are continuously extracted from radix physochlainae during this period. At the same time, the absorbance of 1500-1600 nm also increases, which belongs to the characteristic area of hydroxyl groups. 42 The increase of -OH concentration also can prove the gradual extraction of tropane alkaloids (containing more hydroxyls than [C 3 tr][PF 6 ]) from radix physochlainae. Above two absorbance bands are the main characteristic regions for the process analysis of the studied extraction, which are ascribed to the major difference of related substituent groups in the structures of tropine-based IL and tropane-series alkaloids. They can be regarded as key observation points for on-line monitoring of this extraction process.
3.5.5 Analysis of herbal powders before and aer extraction. In order to comprehensively investigate the extraction behavior in the studied process, FI-IR, SEM and TG were successively used to characterize the samples of radix physochlainae and its residue aer extraction by ionic liquids. It can be found from the infrared spectrum (see Fig. 7a ) that the wavenumber of main characteristic peaks remains unchanged basically and no new absorbance is generated, which indicates the extraction conditions are mild and tropane ILs cannot deconstruct or strongly combine with the cellulose ber skeleton of herbal materials. So the coexisting impurities will become much less and ILs can be recovered easily. Meanwhile, compared with the sample before extraction, the absorption intensity of characteristic peak at 1400 cm À1 of C-N bond becomes weak signicantly. It can prove that most of tropane alkaloids in radix physochlainae have been selectively extracted by ionic liquids so that the absorbance of their characteristic functional groups disappears. On the other hand, it is obviously shown that the surface structure of radix physochlainae have changed aer extraction through the SEM observation (see Fig. 7b ). The surface of raw materials is relatively smooth, but the surface of residues aer extraction becomes rough and porous. This cellular morphology resulting from IL is very benecial for permeation and diffusion, and the improved mass transfer is closely related with high extraction efficiency. It is realized through the mechanism that the ionic liquid can competitively form hydrogen bonds with hydroxyl groups on cellulose and affect network of cellulose microbril. 43 According to the TG curves in Fig. 7c , it is found that glucose and fructose 44 will decompose under 150 C and the quality of glucose and fructose in herbal material is higher than that in its residue, so the result can be validated that bioactive compounds have been extracted from radix physochlainae powders. The thermal decomposition of the residue and radix physochlainae starts at 220 C, and there is a rapid devolatilization process from 300 C to 320 C. The weight loss decreases gradually above 500 C, and the maximum weight loss is between 75% and 79% at the temperature of 700 C, which results from the decomposition of ionic liquids, cellulose and other coexisting constituents. The temperature of raw material and residue is around 300 C and 320 C on maximum mass loss-rate, respectively; it can be ascribed to that the pyrolysis temperature would shi to high temperature through extraction on high temperature. 45 
Conclusions
In this paper, the principle of 'like dissolves like' has been practiced through structural similarity between extractant and objects, and seven tropine-based ionic liquids were employed and compared with traditional solvents to extract tropane alkaloids from radix physochlainae, and the cations of ILs had signicant inuence on their prosperities together with extraction efficiency of alkaloids. [C 3 tr][PF 6 ] aqueous solution was found as the best extractant to achieve high extraction efficiency and purity simultaneously and there was no racemization of the alkaloids occurred in ionic liquid aqueous solution. So this kind of IL can not only realize the selective extraction efficiently, but also maintain the structure and conguration of products through specic intermolecular interactions as extraction solvent. At the same time, the extraction mechanism was tentatively studied through thermodynamic and kinetic analysis together with characterization of radix physochlainae and its residue with FI-IR, SEM and TG technology. It was found that the extraction of alkaloids from radix physochlainae was endothermic, the extraction process was spontaneous and alkaloids are more feasible to be extracted by [C 3 tr][PF 6 ] aqueous solution than 85% ethanol-water and 0.1% hydrochloric acid-water. In addition, a very small volume of chloroform was used to achieve the separation of involved compounds extracted in IL aqueous solution and tropane alkaloids could be easily extracted but ionic liquid did not. As the result, the hypothesis has been successfully proved in this study that the extractant with the same nucleus with objects should be more suitable and efficient in the extraction of the latter, which can be deemed as the generalized 'like dissolves like' theory.
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